I . The extent of propionate metabolism during absorption from the gut and the amounts of L-lactate formed and glucose utilized by the portal-drained viscera were determined in conscious sheep from measurements of portal venous blood flow and portal venous and aortic metabolite concentrations. The sheep were fasted overnight and given primed continuous intraruminal infusions of volatile fatty acids (VFA) at two rates, supplying propionate at 40.0 and 79'9 mmol/h. Measurements were made during the 5th and 6th hours of the infusion, when rumen liquor VFA concentrations were constant.
* Priming solution (500 ml, pH 5.5, at 39') was placed in the rumen at the start of each experiment and VFA solutions were infused for 6 h at 107 ml/h. lactate was formed from propionate under these conditions. A preliminary account of this work has been published elsewhere (Weekes & Webster, 1974) .
EXPERIMENTAL

Animals and surgicd preparation
Five mature Greyface sheep were used, one animal being a non-breeding female, the others being castrate males. Their live weights ranged from 51 to 97 kg (mean 65 kg). All animals were thoroughly accustomed to handling. A rumen fistula was established at least 8 weeks before the first experiment with any animal. At a subsequent operation polyvinyl sampling catheters were inserted into the anterior mesenteric vein and the aorta through appropriate branches in the mesenteric circulation, and a double-bored catheter consisting of a sampling tube and a thermocouple was placed in the portal vein, as described by Webster & White (1973) . The post-operative care of the animals was also similar to that described by Webster & White (1973) .
None of the sheep were used for experiments until they had completely recovered from surgery. The sheep were housed in metabolism cages between and during experiments and were given chopped dried grass (1-0 kg/d).
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(plateau period). The low-propionate infusion (Table I ) was designed to produce rates of absorption of individual VFA comparable to those found in sheep given a maintenance ration of dried grass (Bergman, Reid, Murray, Brockway & Whitelaw, I 965). The high-propionate infusion delivered propionate at twice this rate, an amount calculated to produce rumen liquor VFA concentrations similar to those found when sheep are fed ad lib. on rolled, pelleted barley (Orskov, 1973 ; Weekes, 1973) . Because of the nature of the animal preparation, it was not possible to follow any predetermined randomized or systematic infusion procedure. Samples of rumen contents were taken every 30 min for 6 h and placed on ice. In some experiments rumen fluid pH was determined immediately after withdrawal of the samples, using a portable pH meter (W. G. Pye & Co. Ltd, Cambridge). During the plateau period, i.e. after 4 h, L O ml samples of aortic and portal venous blood were withdrawn every 30 min for 2 h. Whole blood (3 ml) was immediately added to 3.0 ml ice-cold perchloric acid (60 g/l) in a tared centrifuge tube and stored on ice for subsequent estimations of lactate, pyruvate and glucose contents. The remaining blood was immediately chilled and subsequently frozen for the estimation of propionate content. Measurements of portal blood flow were made within 2 min of each collection of blood samples.
Because of intermittent blockage of sampling catheters, five pairs of portal venous and aortic samples could not be obtained over the plateau period in six of the seventeen experiments. Experiments in which fewer than three pairs of blood samples were obtained were discarded. In one experiment with the low-propionate infusion and in two with the high-propionate infusion insufficient blood was obtained for propionate estimations.
Chemical analyses
The deproteinized blood samples were centrifuged at 3000 g for 20 min, filtered and the supernatant fractions were neutralized with 5 M-K,CO,, using methyl orange as the indicator. The concentration of L-lactate was determined by the method of Hohorst (1963) , pyruvate by the method of Bucher, Czok, Lamprecht & Latzko (1963) and glucose by the method of Slein ( I 963). These analyses were done on the day of the experiment. Results were calculated as pmol/ml whole blood, assuming a density of 1060 kg/m3 for sheep blood (Baird, Hibbitt, Hunter, Lund, Stubbs & Krebs, 1968) . Rumen liquor VFA concentrations were determined as described by Weekes (1972) . The amount of polyethylene glycol (PEG) in the rumen liquor was estimated by the method of Weigand et al. (1972a) , and the L-lactate content of the rumen liquor was estimated as described for blood lactate, following deproteinization with an equal volume of ice-cold perchloric acid (60 g/l). Blood propionate concentrations were determined by freeze-transfer and gas-liquid chromatography (P. J. Calculation o , f results The net appearance of lactate, glucose and propionate in portal blood were taken as the product of portal blood flow and the difference in concentration of these metabolites between the portal vein and the aorta. Since the reticulo-omasal orifice was not occluded in these experiments, some VFA may have been absorbed posterior to the reticula-rumen. The rates of fluid and VFA outflow from the reticulo-rumen were therefore calculated from PEG concentrations by the method of Smith (1959), assuming that the rumen contents were homogenous and that the rumen volume remained constant.
In order to compare results from different experiments all results were expressed as pmollmin per kg b~dy-weight~''~.
R E S U L 7's
General remarks
The variation in rumen liquor VFA concentrations and in portal blood flow over the plateau period in a typical experiment are shown in Fig. I , while Fig. 2 shows the variation in portal venous and aortic metabdite concentrations in the same experiment. The coefficients of variation within an experiment (Table 2) indicate that this procedure resulted in a very uniform rumen liquor composition but differences between portal venous and aortic concentrations of metabolites were more variable.
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Time (h) VFA were infused at the high-propionate infusion rate (Table I) * CV were calculated within an experiment from individual estimations made at 30 min intervals over the plateau period from 4 to 6 h after the start of the intraruminal VFA infusions. Results for experiments using low-and high-propionate infusion rates were combined as values for CV did not differ significantly. Values for the high-propionate infusion rate differed significantly from those for the low-propionate t For details, see Table I . infusion rate: ** P c 0.01; **I P < 0.001.
However, no consistent trends in these concentration differences were noted, so that mean values over the plateau period from 4 to 6 h after the start of the infusion were used in all subsequent calculations. Blood lactate concentrations are notoriously liable to be affected by disturbances to the experimental animal (Narasimhalu, 1970 ). The present procedure was designed to cause minimal disturbance and the sheep did not show any signs of stress during experiments, although food intake tended to be reduced on the day following an experiment. Table 3 shows that both rates of propionate infusion significantly increased total rumen VFA concentration, propionate concentration and the molar proportions of propionate and butyrate, but significantly reduced the molar proportion of acetate. The plateau (4-6 h after the start of infusion) propionate concentration was significantly higher (P < 0.01) for the high-propionate infusion rate, as was the molar proportion of propionate (P < O'OI), while the molar proportion of acetate was lower ( P < 0.001) ( Table 3) .
Rumen liquor composition
Rumen fluid p H was determined in four experiments using the low-propionate infusion rate and in six experiments using the high-propionate infusion rate. Values for samples taken before the start of infusions were (mean, SE) 6.6 f 0-2 and 6.4 -I-0.1 for the low-and high-propionate infusion rates respectively, while for samples taken at the plateau, the corresponding values were 6.5 If: 0-2 and 6.3 t-0.1. L-lactate could not be detected in rumen liquor in these experiments.
Portal venous blood $ow
Mean values for portal blood flow before infusion of VFA did not differ significantly w w Values for the high-propionate infusion rate differed significantly from those for the low-propionate infusion rate: P < 0.05, *** P < O'OOI.
1. For details, see 'rable 4, did not differ significantly (0.1 > P > O ' o j ) but regression analysis showed that values for portal blood flow (PF, ml/min per kg0.75) were positively correlated with the net appearance of lactate (LP) and propionate (PP) (Fig. 3) in portal blood, witti the propionate (PI) butyrate (BI) and total VFA (TI) infusion rates and with the calculated total propionate production rate (TP ; sum of propionate infusion rates and endogenous rate of propionate production (calculated from equation 7, p. 
(3) (4) ( 5 )
where SE is the SE for the regression coefficient and RSD is the residual SD.
Values for the net appearance of lactate and propionate in portal blood are, of course, derived in part from measurerncnts of portal blood flow. The relationships between blood flow and infusion rates were, however, free of any element of autocorrelation. Although these experiments were not designed to study this point, the results did suggest that portal blood flow was more sensitive to butyrate than to propionate. A study specifically designed to measure the influence of VFA on portal blood flow is now in progress.
Net portal appearance of propionate, lactate and glucose
The net appearance of propionate in the portal blood was, on average, almost twice as great at the high rate of infusion than at the low infusion rate (Table 4) . Although the results were rather variable, the difference was significant (P < 0.05). There were, however, no significant differences between treatments in portal lactate appearance or glucose uptake. Glucose uptake was at all times sufficient to account for the amounts of lactate formed by glycolysis but, because the amounts of glucose taken up and lactate formed varied little, the correlation between glucose uptake and lactate appearance was not significant (0.1 > P > 0.05). There was also no correlation between either portal lactate appearance or glucose uptake and the propionate infusion rate or the net portal appearance of propionate. Differences between sheep were not significant, Differences in pyruvate concentration between portal venous and aortic blood were very small and variable, and these results have not been included in Table 4 .
D I S C U S S I O N
The intraruminal infusions of VFA resulted in higher rumen liquor VFA concentrations, although VFA levels remained within the physiological range (Hungate, 1966; Weekes, 1973) . The low-propionate infusion rate was similar to the ruminal propionate production rate obtained by Bergman et al. (1965) for sheep fed at the maintenance level on dried grass and by Steel & Leng (1973) for sheep fed ad lib. on lucerne hay. On a metabolic body-weight basis the high-propionate infusion rate was less than the propionate production rate in cows fed on a high-grain ration (Bauman, Davis & Bucholtz, 1971) . Thus the rates of propionate absorption produced in the present study are within the normal range of ruminal propionate production in sheep.
It is clear that the tissues of the gut wall are a major site for lactate formation, the mean plateau values (Table 4) representing 13-5 yo of the lactate entry rate (54pmol/ min per kg0.75) in fed sheep (Annison, Lindsay & White, 1963) . Other workers have also reported a net lactate production by the portal-drained viscera (Bensadoun, Cushman & Reid, 1966; Roe, Bergman & Kon, 1966) . The portal venous-aortic concentration differences (Fig. 2) were similar to those observed in cattle (Weigand et al. 1 9 7 2~) . The glucose entry rate in non-breeding ewes fed at the maintenance level on roughages has been estimated to be approximately 24 pmol/min per kg0.75 (Leng, 1970a) . The mean glucose utilization by the portal-drained viscera in the present study ( Others workers have also observed a net portal glucose utilization in sheep (Roe et al. 1966; Bergman, Katz & Kaufman, 1970) and cattle (Weigand et al. 1972a; Baird, Symonds & Ash, 1974) . The magnitude of this net uptake varied and could not always account for the net amounts of lactate formed (Bensadoun et al. 1966) . However, as only net glucose uptake is measured, this ignores the contribution of glucose absorbed from the small intestine, which would have been considerable in the work of Bensadoun et al. (1966) when maize was fed to sheep, but would have been very small in our experiments (see Lindsay, 1970) . Bergman et al. (1970) reported that the portal-drained viscera of sheep utilized 20 yo of the total glucose turnover; our higher value of 35 yo may reflect our higher estimate of portal blood flow. The results of other studies indicate that the portal-drained viscera contribute about 23 % to the total heat production of fasted sheep (Webster, Osuji, White & Ingram, 1974) . This evidence, as suggested by Lindsay (1971) , indicates that tissues drained by the portal bed are metabolically very active, with a high demand for glucose, which is probably related to their high rate of cell turnover.
The present studies do not provide direct evidence concerning the extent of propionate metabolism during absorption, as no direct measurements were made either of the endogenous rate of propionate p:roduction in the rumen, or of how this rate was affected by the VFA infusion. The extent of propionate metabolism during absorption can be estimated by plotting PI' (,umol Values for the high-propionate infusion rate differed significantly from those for the low-propionate t Calculated from equation 7, see below.
3 The sum of the propionate infusion rates and the endogenous rate of propionate production.
infusion rate: *** P < 0.001.
The total propionate production rate corrected for the rate of fluid outflow from the reticulorumen. min per kg0.75) (Fig. 4) . The regression equation describing this relationship, based on twenty-six observations, was : PP = 17-5+0*60 PI (sE of regression coefficient 0-13, residual SD 18.3, R2 0.48,
which indicates that 60% of infused propionate was recovered in the portal blood.
The endogenous rate of propionate production would therefore be 17.5 + 0.60 = 29.2 pmollmin per kgo'i5 (Fig. 4) , although the uncertainty involved in this extrapolation is considerable (fiducial limits (P < 0.05) for a single observation are 9'2-75'9 pmollmin per kgo.i5). Leng (197ob) has related propionate production rates to rumen liquor propionate concentrations. Using this relationship the endogenous propionate production rates before the start of the low-and high-propionate infusions would have been (mean, SE) 23-3 k 6.0 and 25.9 k 4.0 ,umol/min per kg0.i5 respectively. These calculations ignore both the contribution of caecal fermentation and possible metabolism of infused propionate within the rumen, but the magnitude of these processes are unlikely to be large relative to the propionate infusion rates (Leng, 19706; Wiltrout & Satter, 1972) . Judson & Leng (1973) reported that intraruminal propionate infusions reduced the endogenous rate of propionate production. Our results (Fig. 4) 435) . We conclude therefore that any overestimate of the 'total propionate production rate' (Table 5) will be less than I j yo.
The probable amounts of propionate absorbed from the reticulo-rumen, given in Table 5 , are derived from the calculated total propionate production rates by subtraction of the rate of propionate outflow through the reticulo-omasal orifice as estimated from the PEG concentrations. Between 45 and 71 yo of the calculated total propionate produced was recovered in the portal blood ( 
.1 2).
It is possible that in vivo the relatively rapid absorption and extensive metabolism of butyrate by the rumen epithelium (Weigand, Young & McGilliard, 1972b ) lowers the intracellular concentration of butyrate below inhibitory levels. Therefore, a fairly extensive metabolism of propionate probably occurs in the portal-drained viscera, but lactate is not likely to be a major product. Lactate formation did not respond to variations in the rate of propionate infusion, and could at all times have been formed from glucose by the glycolytic pathway, in agreement with the findings of Weigand et al.
(1972~).
Even if the unlikely assumption were made that all the lactate formed was derived direct from propionate, then during low and high rates of propionate infusion, lactate production would only have accounted for 32 and 24 yo respectively of the propionate metabolism in the tissues of the gut wall.
These studies do not establish the exact site of the lactate formation, since portal venous blood was used. Catheterization of the ruminal veins of sheep has not proved satisfactory (Webster & White, 1973 ), but in a few experiments blood samples were obtained from the anterior mesenteric vein. Assuming blood flow in this vessel represents 50 Yo of portal venous flow, then approximately 60 yo of the total lactate formation by the portal-drained viscera could have occurred in tissues drained by the anterior mesenteric vein. Calculations from the results of in vitro incubations (Weekes, 1972) suggest that the rumen epithelium of non-breeding ewes fed at the maintenance level https://www.cambridge.org/core/terms. https://doi.org/10.1079/BJN19750046 may be able to form lactate from propionate at a rate of 1.8 pmollmin per kg0.75, while the in vitro rate of glycolysis in the rumen epithelium (Weekes, 1974) was 1-7 pmol/ min per kg0.75. The intestinal mucosa of adult sheep is, however, able to form lactate from endogenous sources at a rate of 14g/d (Wahle, Weekes & Sherratt, 1972 ), equivalent to 6.8 ,umol/min per kg0.75, close to the values shown in Table 4 .
It appears, therefore, that the ability of the rumen epithelium to form lactate from propionate is limited. Most of the lactate formed by the portal-drained viscera is probably derived from glucose by glycolysis. This conclusion is in agreement with the findings of Weigand et aE. (1972a) , but contrasts with the earlier study of Leng et al. (1967) . The calculations of these workers are questionable since they did not take account of the extensive recycling of carbon which can occur in the tricarboxylic acid cycle (Thompson, 1971 ; Wiltrout & Satter, 1972 ). This does not explain the higher specific radioactivity in jugular blood lactate than in plasma glucose in some of the [14C] propionate infusion experiments of Leng et al. (1967) . However, in the studies of Weigand et al. (1972~) the specific radioactivity of blood glucose was 2-to 12-fold greater than that of lactate when [2-14C]propionate was absorbed from the reticulorumen.
The extent of lactate and pyruvate formation (per unit tissue weight) from propionate in vitro was also relatively constant for breeding ewes (Weekes, 1972) . This finding, together with the relatively small extent of conversion in vivo found in the present study, suggests that this pathway is unlikely to make any significant contribution to the conservation of substrates for hepatic gluconeogenesis. However, even a small conversion of propionate to lactate would be of considerable importance to the actively dividing cells of the rumen epithelium, as it provides a unique pathway for the extramitochondrial generation of NADPH required for synthetic processes.
